Abstract The seasonal variation in phytoplankton activity is determined by analysing 1385 primary production (PP) profiles, chlorophyll a (Chl) concentration profiles and phytoplankton carbon biomass concentrations (C) from the period 1998-2012. The data was collected at six different stations in the Baltic Sea transition zone (BSTZ) which is a location with strong seasonal production patterns with light as the key parameter controlling this productivity. We show that the use of Chl as a proxy for phytoplankton activity strongly overestimates the contribution from the spring production to annual pelagic carbon flow. Spring (February and March) Chl comprised 16-30% of the total annual Chl produced, whereas spring C was much lower (8-23%) compared to the annual C. Spring PP accounted for 10-18% of the total annual PP, while the July-August production contributed 26-33%, i.e. within the time frame when zooplankton biomass and grazing pressure are highest. That is, Chl failed in this study to reflect the importance of the high summer PP. A better proxy for biomass may be C, which correlated well with the seasonal pattern of PP (Pearson correlation, p < 0.05). Thus, this study suggests to account for the strong seasonal pattern in C/Chl ratios when considering carbon flow in coastal systems. Seasonal data for PP were fitted to a simple sinusoidal wave model describing the seasonal distribution of PP in the BSTZ and were proposed to present a better parameterizaton of PP in shallow stratified temperate regions than more commonly applied proxies.
Introduction
The phytoplankton spring bloom is the most conspicuous manifestation of pelagic phytoplankton activity in temperate and polar waters and has received much attention. Platt and Sathyendranath (2008) referred to the Bspring bloom of phytoplankton^as Bthe most important event in the trophic calendar of the pelagic systems^. It is true that seasonal data for chlorophyll a (Chl) often show a very pronounced peak in the spring (see, e.g. Perry et al. 2008 or Tiselius et al. 2015 and spring blooms are associated with high secondary production (Kiørboe and Nielsen 1994) . However, the high biomass of phytoplankton grazers during summer suggests that the pelagic primary production at this time of the year could be top-down controlled, i.e. that the primary production will not result in a build-up of phytoplankton biomass. Thus, there is reason to challenge the current assumption concerning the importance of the spring bloom to total annual primary production (PP).
When considering carbon flow in ecosystems, the main focus by definition should be on the production rate of phytoplankton carbon, i.e. PP and the fate of this carbon rather than on standing biomass. At any given point in time, biomass will be a function of the previous concentration plus gains (growth rate and advection) and loss rates (mortality generated through cell decay and grazing processes, advection and sedimentation). Of these processes, only growth rate can be expected to be directly correlated Communicated by Hans W. Paerl with PP normalized to biomass, so there is no a priori reason to expect the relationship between biomass and PP to be constant and, even less so, that the relationship between PP and Chl should be constant given the well-documented variability in the C/Chl ratio (see, e.g. Cullen 1982; Fennel and Boss 2003; Jakobsen and Markager 2016) .
PP is dependent mainly upon light and nutrient availability, and because light intensities are greatest during summer, we test the hypothesis that the summer PP contributes more to the annual phytoplankton carbon production than the spring bloom. We carry out the study at a series of monitoring stations located in the Baltic Sea transition zone (BSTZ), i.e. a temperate estuarine coastal region where the classic seasonal pattern of peak Chl values during spring and low Chl during summer (Cushing 1959 ) has repeatedly been found (see Tiselius et al. 2015 for 28 years of PP and Chl from the Gullmar Fjord). Nutrient concentrations in surface waters are higher in winter and spring than during summer, but the high temperatures during summer increase grazing and remineralization rates which can serve as a source of nutrients for PP throughout the summer season (Kemp and Boynton 1984) and allow the phytoplankton to use the full potential of the higher summer surface irradiance. A further reason to hypothesize that PP might be higher than traditionally assumed during summer in this region is that the study area is permanently stratified. It has been shown previously that a significant proportion (in the order of 17%) of annual PP occurs in the subsurface layer, where nutrient availability is high throughout the year. The highest proportion of subsurface layer to water column PP occurs during summer when light intensities are high (Lyngsgaard et al. 2014a) . Ultimately, the aim of estimating pelagic PP is to describe the magnitude of carbon being introduced to the food web and how it supports energy flow in the ecosystem.
Technically, PP describes the rate of carbon fixation using light, and PP therefore indicates how fast the carbon becomes available to the food web. Nevertheless, it is often represented by a state variable proxy representing biomass, i.e. Chl or carbon in marine ecosystem models. It therefore becomes important to understand how these proxies relate to PP. From the considerations above, it seems likely that seasonal distributions of the biomass proxies such as Chl, often used to represent PP, may differ considerably from the seasonal distribution of PP, estimated from photosynthetic rate measurements. We therefore address the hypothesis that the importance of the spring bloom will be overestimated when Chl is used as a proxy to represent PP.
The aim of this study was to compare the seasonal production patterns generated from standing stock proxies (Chl and phytoplankton carbon) to actual PP estimates. In particular, we compare the relative importance of the spring bloom to total for annual PP when biomass proxies and actual PP estimates are used. Chemical carbon measurements are exceedingly difficult and expensive to obtain, and the carbon measured will contain carbon not only from autotrophic phytoplankton but also from heterotrophs and detritus. Biomass carbon specific to phytoplankton can be estimated from microscopic phytoplankton analysis, and we therefore chose to examine this biomass proxy in relation to Chl and PP. We used 1385 phytoplankton carbon, Chl and PP profiles collected over a 15-year period from six stations at the entrance to the Baltic Sea. Because zooplankton grazing can influence the relationship between PP and phytoplankton biomass, we also modelled seasonal zooplankton grazing rates to describe seasonal differences, in the balance between top-down and bottom-up processes and phytoplankton biomass.
This study focusses specifically on the Baltic Sea entrance area, but the seasonal patterns in PP described in the model as well as the relationships between PP, Chl and phytoplankton carbon found here are likely to also be representative of other temperate coastal marine systems. Therefore, on the basis of the observations made here, we develop a simple empirical model of the seasonal variation in PP that can potentially serve as framework for the representation of PP in ecosystem models representing areas similar to the study region.
Materials and Methods

Study Area
Six locations were selected from the database of the Danish National Aquatic Monitoring and Assessment Program (DNAMAP) (Conley et al. 2002) . All study sites were located in the BSTZ, the area between the Skagerrak and the Baltic Sea (Fig. 1) . Typically, the stations are visited with a frequency of >20 year −1
. Station depths vary from 14 m (Aalborg Bight) to 51 m in The Sound (Table 1, Fig. 1 ).
The BSTZ is hydrographically dynamic and exhibits typical estuarine features. The area receives outflowing surface water from the Baltic Sea that has a freshwater surplus of 559 km 3 year −1 and periodically inflows driven by westerly winds of heavy oceanic water from the Kattegat/Skagerrak region (Savchuk 2005) . The circulation within the BSTZ is mainly driven by the water level difference between the Arkona Sea and the northern Kattegat. The surface salinity ranges from 10 to 14 in the south and reaches 20-25 in the northern Kattegat. Bottom water salinity is about 32-34 (Gustafsson 2000) . These conditions result in the water column being almost permanently stratified.
Data Extracted from the National Database
The database from DNAMAP includes physical, chemical and biological data collected in BSTZ waters since the 1980s. Different regional authorities were responsible for data collection. However, all procedures were standardized in technical guidelines (Kaas and Markager 1998) , and Aarhus University has frequently arranged workshops and intercomparisons of procedures/results to ensure the data quality. Data on dissolved inorganic nitrogen and phosphorous concentrations from surface (average from 0 to 5 m) and subsurface waters, phytoplankton biomass and size (year 1998-2012) , sea surface (average from 0 to 5 m) temperature (year 1998-2012) , zooplankton biomass and size (only between 1998 and 2009) and photosynthesis (P) vs. light (E) curves were extracted from the database, whereas parameters such as PP, depth-integrated Chl and zooplankton potential grazing were calculated specifically for this study based on data in the database.
The daily surface photosynthetic active radiation (SPAR) was calculated as 30 min mean values from continuous measurements collected at three different localities in Denmark within approximately 30-150 km of the sample locations. The same SPAR dataset was used for the calculation of PP for all six stations. Fig. 1 The Baltic Sea transition zone (BSTZ) and the location of the six study locations 
Chlorophyll a
The Chl concentration measurements were carried out by filtering samples onto Whatman GF/F or GF 75 Advantec filters. Filters were extracted in ethanol (96%) for 6-20 h, and the extracts were analysed spectrophotometrically according to the method described by Strickland and Parsons (1972) and modified by Danish Standards (1986) . Chl fluorescence (F) through the water column was profiled continuously using a CTD-mounted fluorometer. Fluorescence per Chl changed systematically with depth in the dataset. Therefore, a fluorescence factor (F chl = F/[Chl]) was calculated, whereby the Chl recorded in the discrete sample and the fluorometer measurement from the corresponding depth (F) were related. Values for F chl for depths between the sampling depths of Chl (every 5 m) were calculated by linear interpolation, which was done in 0.2-m resolution, and then, F chl (z) values were used to estimate the Chl profile (Chl (z) = F (z)/F chl (z)) in 20-cm depth intervals. Every Chl profile was depth-integrated before monthly average values were calculated.
Estimating Vertical Water Column Primary Production
To estimate water column PP, Chl-specific photosynthesis rates on samples taken from two depths were calculated from the photosynthesis (P) vs. light (E) curves and Chl concentrations in the database (details in Lyngsgaard et al. 2014a ). Samples for P vs. E curves and Chl were taken as aliquots of the sample from surface and a deep Chl maximum. A light matrix representing the light intensities at 0.2-m intervals through the water column at hourly intervals over each day was constructed using the attenuation coefficient and the surface light. Each of the 1385 PP profiles was constructed based on the Chl, light attenuation and P vs. E curve that was specific for that same time and site.
Briefly, photosynthetic carbon assimilation was estimated based on the carbon-14 method modified (Markager 1998) after Nielsen (1952) . P vs. E curves were calculated from incubations made under artificial light (Osram HQI-T or high-pressure halogen lamps), where the samples were incubated at seven different light intensities for 2 h with metal grids providing approximately 35% light attenuation between each bottle. The P vs. E parameters were obtained by a nonlinear fitting procedure (Markager et al. 1999b ) (Statistical Analysis System, SAS 9.4) on the carbon uptake divided by the Chl concentration. It was assumed that the P vs. E parameters from the surface sample represented an average value for the entire surface layer and these values were, therefore, extracted from the surface to the starting depth of the stratification layer. The reason for using the same P vs. E parameter values throughout the surface layer was that turbulence within this layer was assumed too high to allow further depth-specific photo adaptation (Lewis et al. 1984) . Turbulence in the PBL was assumed to be lower, thus allowing more variation in the P vs. E parameter values with depth. Therefore, these were interpolated from the starting depth of the stratification layer (=surface values) to the second sampling depth. From the second sampling depth and downward, photosynthetic parameters were assumed to be constant (see Lyngsgaard et al. 2014a for figure and further description on interpolation details).
Data availability varied between stations and ranged from 3 to 14 years for the six stations. The sampling frequency at each station ranged from 12 to 49 measurements of P vs. E curves and Chl per year. For further detail on the data availability, see Table 1 in Lyngsgaard et al. (2014a) .
Monthly PP (1998 PP ( -2012 was calculated by multiplying the estimated daily PP (average when more than one measurement per month) by the number of days of the month for each station. Thereafter, average values of monthly PP were calculated across years for the sampling period. The spring PP was assumed to happen from 1 February to 31 March and was calculated both as the total production in these months and as the deviation from a sinusoidal curve representing seasonal variation in PP without the spring peak. Annual PP was calculated by summing the monthly averages for each station.
Parameterization of the Seasonal Variation in PP
The seasonal variation in PP could be empirically described as one half of a sinusoidal curve with a modification in the spring as follows:
If month ≠ 2, then PP Feb = 0. If month ≠ 3, then PP Mar = 0. The PP winter is the level of winter PP, and the PP amplitude is the annual amplitude of PP (the maximum production minus the winter level). Month numbers are from 1 (January) to 12 (December), so the middle of the year is 6.5, i.e. 1 July. The value of top (unit: month) adjusts the timing of the maximum in production, relative to 1 July (positive values equal a later peak). The constants 0.5, 12, 2, π and 1 are all necessary in order to use the conventional numbers for months as independent variables. The model has previously been used to estimate seasonal patterns in the C/Chl ratio for the area (Jakobsen and Markager 2016) . The parameters, PP Feb and PP Mar , are added to account for spring bloom production. All parameters (Table 1) are fitted to average monthly values over the years for depth-integrated PP for each station by the procedure Proc NLIN in SAS 9.2.
Biomass and Potential Grazing
An integrated (0-10 m) sample was taken for phytoplankton and protozoan carbon estimates using an integration hose. The samples were fixed in acidified Lugols (2% final concentration), identified and counted in an inverted microscope (Utermöhl 1958) . The biovolumes of at least 10 cells of the most dominant species were determined in each sample using the appropriate geometric models (e.g. Hillebrand et al. 1999) , whereas the biovolumes of the remaining phytoplankton were obtained from a standard table derived from the MAPS database (for details, see Jakobsen et al. 2015) . Cell carbon was estimated by converting biovolumes to biomass using the carbon to volume relationship for protist plankton by Edler (1979) .
Mesozooplankton samples were obtained using a submersible pump equipped with a 60-μm net lifted through the water at 10 m min −1 (Mohlenberg 1987) . Samples were preserved in 2-3% buffered formalin. Copepods and copepodites were identified to the taxonomic level possible, and biomass was calculated on the basis of length-carbon regressions from the literature or by fixed carbon values, specific to genus and stage (Breteler et al. 1982; Berggreen et al. 1988; Hay et al. 1991; Sabatini and Kiørboe 1994; Satapoomin 1999) . Zooplankton carbon was then calculated assuming 0.12 pg C μm −3 (Hansen et al. 1997) .
The potential grazing rates of protozooplankton (ciliates, heterotrophic dinoflagellates) and calanoid copepods on phytoplankton were calculated from the general equations of allometric scaling of maximum specific ingestion rates and maximum clearance rates presented by Hansen et al. (1997) . Cyclopoid and harpacticoid copepods graze mostly on non-phytoplankton prey (Atkinson 1995; Koski and Kiørboe 2005) . Their biomasses were generally less than 10% of the calanoid biomass, and they were, therefore, not considered. The estimated potential grazing rates were normalized to in situ temperature by applying a Q 10 value of 2.8 (Hansen et al. 1997) .
It was assumed that ciliates grazed cells smaller than 10 μm (equivalent sperical diameter (ESD)), whereas copepods and dinoflagellates grazed on particles larger than 10 μm (Hansen et al. 1994) . The fraction of phytoplankton larger than 10 μm was obtained from the microscopial size measurements of the phytoplankton and applied to the biomass of phytoplankton calculated from Chl a using an average monthly carbon to Chl ratio for each station (Jakobsen and Markager 2016 ). The grazing rates were estimated either directly from maximum ingestion or calculated from the specific clearance rates multiplied by the concentration of potential food, calculated from Chl. Furthermore, the smaller of the two grazing estimates (maximum ingestion or clearance × food concentration) was used for further calculations, assuming that grazing varied with food concentration but could never exceed maximum ingestion. Station-specific grazing was calculated by integrating results for the upper 25 m of the water column.
Nutrients
Values of dissolved inorganic nitrogen (DIN) and phosphorus (DIP) concentrations were extracted from the national database for the period 1998 to 2012. Sample depths were located at 5-m intervals starting at 1-m depth. Samples for inorganic nutrients (nitrite (NO 2 
Results
The Physical and Chemical Environment
The physical and chemical environment in the stratified BSTZ showed a marked seasonal variation. The average monthly SPAR peaked in June with a monthly average value of 39.8 mol photons m −2 day −1 . The peak in average surface water temperature (0-5 m) occurred 1.5 months later with a value of 17.9 ± 1.9°C (Fig. 2a) ). DIN and DIP concentrations in the water column showed the highest values in January and February and declined thereafter (Fig. 2b, c) . The average monthly surface DIN conc. was <1 μmol l −1 from May to September, and average surface DIP ) most likely due to less intense mixing/stronger or longer stratification found at these stations, while the production in Great and Little Belts was higher (209-226 g C m −2 year −1
, Table 1 ). The higher values at these stations probably reflect nutrient inputs from below the stratification layer to surface waters through more intense mixing in the narrow straits (Lund-Hansen et al. 2008 ).
The seasonal variation in the PP showed a pattern similar to the seasonal variation in surface irradiance and temperature but with a time lag in peak values (Fig. 3, see Fig. 2 for temperature and light) and a deviation in spring months. The highest monthly P P r at e s o c c u r e d i n J u l y a n d A u g us t ( a v e r a g e 837 ± 185 mg C m −2 day −1 between stations) and lowest rates during winter (November, December and January). The summer production (July and August) contributed with 56 g C m −2 year −1 or 30% of the annual production. For comparison, the two spring months February and March had a production of 27 g C m −2 year −1 or 14% of the annual PP (see Table 1 ). The pattern of peak PP during summer was consistent for all six stations (see Fig. 3 ), and the timing of the summer peak production varied only between July and August, whereas the timing of the spring peak production varied from February to May, however most frequently occurring in March (Figs. 3 and 4) . In April and May, there was found a noticeable decrease in PP before the rate started increasing once more (Fig. 3) . The decrease in PP values during this time was concurrent with low nutrient concentrations (Fig. 2) . The seasonal variation in PP daily rates can be empirically described as one half of a sinusoidal curve with a characteristic timing of the peak and amplitude of the oscillation in PP (see Eq. 1). In this fashion, the seasonal variation in PP, in any of the six stations, is characterized by a winter PP value, a spring value and a summer amplitude value. Equation 1 fitted the monthly PP values well p < 0.0001 (see Fig. 3 ), with R 2 values ranging from 0.90 in Aalborg Bight to 0.99 in Great Belt 2 (see Fig. 3 and Table 2 for station-specific model parameters). The values for the timing of the peak in PP (top) ( Table 2) . The sum of PP winter and PP amplitude varied from 825 to 1076 (average 941) mg C m −2 day −1 and provides an estimate of the maximum daily production. The deviation from the sine curve occurring in connection with spring bloom PP in February and March was between 6 and 14% (sum of PP Feb and PP Mar as percent of annual production, Table 1 ) or 9% as a mean for the six stations. Residuals show positive values in April (Fig. 4) indicating that, in some years, the spring bloom continues into April, and positive residuals in August and September indicate the presence of a weak bloom in late summer/autumn.
Seasonal Distribution of Chlorophyll a and Phytoplankton Biomass
The seasonal variation in depth-integrated Chl concentrations was different from the seasonal PP pattern. Both variables started out with an increase in February and March, and at four out of six stations, these months showed the highest Chl values over the year. In The Sound, higher values were recorded in May and June, and in Little Belt, Chl was highest during fall. Chl was low and relatively constant during the months from May to September (see Fig. 5 ), mean value = 58 ± 16 mg Chl m −2 , at five out of the six locations. The classical autumn bloom peak was noted for Chl for all stations in October and November (mean = 81 ± 27 g Chl m
−2
). An increase was, however, not seen for PP in any of the stations. Thus, the seasonal variation for phytoplankton activity showed very different patterns depending on which proxy, Chl or PP that was evaluated.
For three of the six stations, Aalborg and Aarhus Bights and The Sound, phytoplankton carbon biomass was also calculated and compared to PP. This analysis reveals a pattern far more compatible with the seasonal variation in PP than when PP was compared to Chl (Pearson correlation, p < 0.05) (see Table 3 ). The distinctive spring and autumn peaks observed in the Chl distributions were not reproduced in the seasonal variation of the phytoplankton carbon biomass. In this case, the highest phytoplankton biomass was found during the summer season concurrent with the highest values of PP (Fig. 5) . The Aalborg Bight did however show concurrent peaks in July for PP, carbon biomass and Chl; the PP peak is, however, broader than the summer peak in Chl and C. Average monthly estimates of phytoplankton carbon biomass were significantly and positively correlated with PP at all three stations (Table 3) 
Grazing
The seasonal variation of zooplankton biomass and grazing rates exhibited similar patterns to the PP and phytoplankton carbon biomass with distinct mid-summer peaks (Fig. 6) . The copepod biomass was highest from May to June, whereas their grazing peaked in the June to August period. Here, it must be noted that the increased grazing rates are due to the nature of calculations, since there is a prescribed temperature dependence of ingestion rates. Protozooplankton biomass peaked in spring (March-April) and fall (SeptemberOctober) and was low during summer when the copepod biomass and grazing impact were highest (Fig. 6) . The total potential grazing impact increased from March, peaked in JuneAugust and decreased again in October-November (Fig. 6 ). The grazing rates were close to or above 100% of PP from May to August indicating high activity by phytoplankton not included in the PP rates such as mixotrophic and heterotrophic groups. Furthermore, it indicates that organic material produced through PP was consumed as soon as it was produced, suggesting top-down control of phytoplankton biomass during this time. In carbon units, the sum of the annual potential grazing ranged from 95 to 127 g C m −2 year −1 corresponding to 54 to 79% of the annual PP (Table 1 ). The grazing impact varied from 10 to 30% of PP in winter and increased to above 100% in mid-summer (Fig. 6 ). Thus, a significant correlation between grazing and the seasonal succession in PP was found (Table 3 ) (Pearson correlation, p < 0.05 and p < 0.001). The potential grazing from protozooplankton was higher than the copepod grazing in Aarhus Bight (62% of total grazing for protozoans versus 38% for copepods), whereas the copepod grazing was highest in Aalborg Bight (65% of total grazing for copepods versus 35% for protozoans). Grazing pressure by copepods and protozooplankton was approximately equal in The Sound, suggesting considerable differences in the structure of planktonic food webs between the stations.
Discussion
Although often used in modelling exercises as proxies for PP, this study shows that Chl is a poor proxy for PP, especially during summer. This result is not in itself surprising given the myriad studies that have demonstrated non-constant relationships between the C/Chl, C/PP and Chl/PP ratios (Eriksen and Iversen 1995; Tang 1996; Henriksen et al. 2002; Domingues et al. 2011; Morán and Scharek 2015; Jakobsen and Markager 2016) . This study builds upon empirical knowledge and opens up the next chapter regarding description and comparison of the seasonal patterns in standing stock biomass and PP, that Table 2 Estimated parameters in Eq. 1 (see also Fig. 3) for the six stations. PP winter , PP amplitude and spring bloom PP are given in mg C m −2 day −1
. Annual PP is given in g C m −2 year −1
. The top parameter is the deviation in months from July 1 (positive values = a later peak), and the bottom row spring PP (February + March) is given in % of annual PP can potentially be useful in describing this and similar temperate stratified coastal systems. The study is also important as it reminds us that assumptions on ecosystem functioning based on easily obtained observations of Chl may be highly misleading. Here, we show that using Chl as a proxy for phytoplankton biomass overestimates the importance of the spring bloom. The apparent importance of the spring bloom in the seasonal plankton cycle decreases when phytoplankton activity is represented by carbon biomass estimated microscopically. When phytoplankton activity is represented by PP, the decrease is even more noteworthy. On average, only 14% of annual PP occurred in the spring months February through March. In comparison, 29% of the annual PP occurred in July through August suggesting that this period is the most productive period despite low phytoplankton standing stock at this time. Thus, while the spring bloom, with its associated accumulation of Chl, usually displays the most conspicuous phytoplankton event during the calendar year, it does not represent the highest carbon flow through the food web. As Chl determinations are fast and inexpensive in comparison to PP estimates, Chl is often the proxy of choice for describing spatial and temporal distribution patterns in phytoplankton activity (see, e.g. Henson et al. 2010) . Numerous studies (e.g. Conley et al. 2000; Timmermann et al. 2010; Carstensen et al. 2011 and references therein) assume a direct link between nutrient input and Coasts (2017 and Coasts ( ) 40:1263 and Coasts ( -1275 and Chl as a biomass proxy. However, any relationship between nutrient input and phytoplankton biomass would have to operate through PP. The ratio between carbon and Chl in phytoplankton cells varies dependently on the environment surrounding them. There is a considerable span in the C to Chl ratio reported (from 6 to 333) from the literature based on lab studies (Falkowski et al. 1985; Geider 1987) , and even within the BSTZ, which is a relatively small region, C to Chl ratios vary up to 7-fold from 10 in the winter and up to almost 60 during summer (Jakobsen and Markager 2016) . Light has a direct effect on the C to Chl ratio and has been shown to increase the C to Chl ratio especially in low-temperature regions (Yoder 1979; Verity 1981) . In this study, the seasonal variation recorded in C to Chl ratios, and the poor correlation between the two parameters, can be explained by several environmental factors. For instance, the pigment composition varies with the different phytoplankton groups where dinoflagellates, for example, generally have a higher C to Chl ratio than diatoms (Geider 1987; Tang 1996) . Therefore, a seasonal decoupling of C and Chl will occur because (1) the dynamic pigment composition within phytoplankton cells is highly influenced by nutrients, temperature and irradiance (Eriksen and Iversen 1995; Henriksen et al. 2002; Domingues et al. 2011) and (2) because the species composition of the phytoplankton community changes through the different seasons of the year in temperate waters (see, e.g. Holligan and Harbour 1977; Domingues et al. 2005) . The phytoplankton carbon examined in this study did correlate with the primary production, which means that phytoplankton biomass does relate to PP in stratified estuarine ecosystems, but the relationship is poor when phytoplankton biomass is expressed as Chl.
Relevance to Modelling of Carbon Flow in Dynamic Ecosystems
Parameterizing PP is challenging as sufficient data for PP in a given area are seldom available. Measurement of parameters relevant to estimating PP is time consuming, requires skilled staff and is expensive, and the results are highly variable even within the same week not to mention the range of challenges when comparing PP measured by different lab staff and local modification of methods (see Peterson 1980; Richardson 1991) .
This study suggests that it is possible to generalize the seasonal pattern in PP in a fashion that may be applicable for modeling of carbon flow in dynamic ecosystems, as the underlying seasonal dynamics in PP appears to follow the seasonal temperature and light curves. Thus, it appears that light and temperature ultimately are the main modulators of seasonal PP dynamics. This is not overly surprising, because light is the only resource directly controlling carbon fixation and corroborates with the work by Morán and Estrada (2005) which identified light as the primary controlling factor for photosynthetic parameters in western Mediterranean waters. However, other factors such as nutrient concentration and grazing are important drivers that govern the timing and amplitude in PP creating station-specific patterns.
The widespread use of ecosystem models where the temporal distribution of phytoplankton production is assumed to be controlled by N availablity may therefore underestimate the importance of the summer PP with regard to ecosystem carbon flow. A recent study by Maar et al. (2016) shows that formulation of PP which allows carbon fixation to occur, also under periods with low nutrient availability, yielded a better fit to in situ PP determinations than when PP was assumed to be a direct function of nutrient concentrations. This approach particularly improved the description of the vertical distribution of PP in the water column.
Temperature has two major effects on PP. One is that it affects the physiological processes within the algal cell (Eppley 1972; Thompson 2005) . The photosynthetic parameters used to derive the PP estimates in this study are described in detail in Lyngsgaard et al. (2014a) and are not included here (see Lyngsgaard et al. 2014a, Fig. 4) . The data shows that the average monthly P max values covary with temperature and peak in August concurrent with the temperature peak, which indicates that temperature directly affects P max (Anning et al. 2001) due to enzyme-driven processes. Temperature also has an indirect effect on PP in that higher temperatures increase remineralization rates and thereby increase nutrient availability for phytoplankton production (Kemp and Boynton 1984) . Warmer temperatures can, furthermore, stabilize the water column by introducing a stratification layer which promotes higher light availability and, in turn, leads to bloom situations (Cloern et al. 2014) . Tiselius et al. (2015) examined 28 years of frequent PP measurements carried out every second week in the Gullmar Fjord and found very similar patterns to the ones found in this study. The results showed that PP was highest during summer concurrent with high zooplankton grazing rates and concluded that the phytoplankton community was top-down controlled during this peak season. Also, Tiselius et al. (2015) found Chl patterns that did not correlate with PP. Additionally, a study from the Chesapeake Bay covering 20 years of PP on six stations showed the same patterns of high summer productivity (Gallegos 2014) as is presented in this study. Thus, it seems likely that the general pattern for the seasonal variation in PP, described for the study area, the Chesapeake Bay and for the Gullmar Fjord, could very well be found in other temperate and possibly polar regions. The parameterization developed in this study may therefore be applicable to other regions.
Impact of Zooplankton Grazing on Phytoplankton Standing Stock
The main reason for the decoupling of PP and Chl patterns during summer is the seasonal variation of C/Chl ratios (see Jakobsen and Markager 2016) ; however, this can also be explained by grazing activity. Examples of situations where Chl measurements have been shown to deviate from the seasonal pattern of PP typically arise under high grazing pressures (Cloern 1982; Nielsen et al. 1993; Pomeroy et al. 2006; Tiselius et al. 2015) . The results from this study show a clear maximum grazing rate during the summer months suggesting that the summer period is the most productive season in this coastal ecosystem. However, because of high grazing rates, PP is funnelled very effectively through the food chain during summer, especially from May to August, confirming earlier studies carried out for shorter time periods in the region (see, e.g. Kiørboe 1993; Markager et al. 1999a; Hansen et al. 2002; Zervoudaki et al. 2009 ).
Here, we estimate the potential grazing on phytoplankton biomass in the range of 10% in the winter to >100% during summer which in annual terms corresponds to 54-79% of the phytoplankton biomass. It is interesting that our conversion of zooplankton grazer biomass into grazing rates compares well with the dilution methods which typically yields grazing rates ∼60-75% of the daily PP (Calbet and Landry 2004) .
Classically, the importance of the spring bloom for zooplankton grazing and reproduction (Cushing 1972 ) has been strongly emphasized, whereas less attention has been drawn to the mechanistics fueling zooplankton nutrition during the warmer summer months (Kiørboe and Nielsen 1994) . In this study, the highest rates of PP were recorded in July-August (Fig. 3) . Thus, the timing of the seasonal PP peak coincides with the seasonal maximum in zooplankton biomass and grazing rates recorded which is supported by earlier findings in the BSTZ (Kiørboe and Nielsen 1994; Zervoudaki et al. 2009 ). The PP occurring in and below the pycnocline contributed significantly (6-30%) to the annual PP, especially from April to September (range from 25 to 35%) (Lyngsgaard et al. 2014a ). This suggests that PP occurring deeper in the water column is an important food source for zooplankton that can migrate vertically and may represent a different type of food source than the one apparent in surface waters (Lyngsgaard et al. 2014b ). To maintain high zooplankton biomasses at summer temperatures requires a higher food intake, and zooplankton community net grazing rates are undoubtly greatest at these times rather than during the spring bloom.
Conclusion
This study is based on a very large number of PP profiles allowing a uniquely detailed description of seasonal patterns in PP and in its relationship to various parameters used to characterize the productivity of a coastal ecosystem. We show that using Chl as a proxy fails to provide a good representation of phytoplankton activity and suggest that alternative proxies should be sought for modelling studies. An equation describing the seasonal variation of PP from only three parameters is suggested for inspiration to modellors working with seasonal carbon flow in coastal systems describing the high summer productivity. The general seasonal pattern in PP presented here questions the general assumption that spring (bloom) PP is the key event in the annual carbon input to the planktonic food web and may also explain why grazers maintain high biomasses during the summer season.
